This study examined the contribution of the Tomato bushy stunt virus (TBSV) coat protein (CP) and its corresponding RNA to systemic infection of plants. Compared to results obtained with a mutant lacking the 5Ј-half of the CP gene, the presence of those CP-RNA sequences in another mutant benefited TBSV infection on Nicotiana benthamiana even though wild-type CP expression was eliminated by introduction of a small out-of-frame deletion. RT-PCR of viral RNA associated with rapid infections established by this CP frameshift deletion mutant revealed that in planta recombination had provided the progeny with the ability to express a truncated CP (tCP) with a block of N-proximal 30 residues deleted from the 66 amino acid RNA-binding domain. Subsequent biochemical characterizations revealed the presence of large ribonucleoprotein complexes that were shown to contain viral RNA as well as the ϳ38-kDa tCP. Electron microscopic examination of purified complexes showed particle-like structures that were nonuniform in size and shape compared to wild-type TBSV particles. Inoculation of pepper with the tCP-containing ribonucleoprotein complexes resulted in a rapid systemic infection similar to that caused by wild-type TBSV. In contrast, infections established in pepper by the original CP frameshift deletion mutant transcripts were restricted to inoculated leaves and did not yield recombinants capable of systemically infecting this host. In summary, TBSV possesses the flexibility to form alternative virion-like structures even if a substantial portion of the RNA-binding domain is deleted from the CP; mutants producing the tCP-containing particle-like structures are more effective for virus spread than those devoid of CP expression; and recombination events to produce the alternative tCP-RNA complexes are host-dependent.
INTRODUCTION
Plant virus coat proteins (CPs) have functions and activities that often extend beyond encapsidation and protection of the viral genome, as recently reviewed in detail . For example, CPs can prime replication (Bol, 1999) , provide specificity for transmission by biological vectors (van den Heuvel et al., 1999) , elicit resistance responses (Taraporewala and Culver, 1996) , or cause systemic symptoms (Qiu and Scholthof, 2000) . In addition, the CP of many viruses actively promote virus spread in a manner that is not always dependent on the formation of virions .
Tomato bushy stunt virus (TBSV) was one of the first icosahedral viruses for which the particle architecture and arrangements of CP subunits was resolved (Harrison, 1969) . These pioneering structural studies provided evidence for the now resolved model that TBSV is an isometric virus with a diameter of 32 nm that encapsidates a single positive-stranded RNA genome into T ϭ 3 particles made up of 180 identical CP subunits of 41 kDa (Harrison, 2001) . Further studies showed that the Nterminal end of the CP subunits is located internally in the virion and this region is enriched for basic amino acids known to represent the RNA-binding (R) domain. Radiating outward from the center of the virion, the R domain of CP subunits is connected by an arm to the internal shell (S) domain that is attached via a hinge to the carboxyl end which forms the protruding (P) domain (Harrison, 2001; Hillman et al., 1989) . A recent genetic study on Cucumber necrosis virus (CNV), a tombusvirus closely related to TBSV, revealed details on the amino acids of S domains that interact to form the virion (Robbins et al., 1997) . The P domain is required for virion formation (Sit et al., 1995) and specific regions on the CNV S and P domains are also involved as attachment sites for zoospore-mediated virus transmission (Kakani et al., 2001) .
Previous studies have shown that CP of TBSV and related tombusviruses is dispensable for systemic infection of Nicotiana benthamiana and N. clevelandii (Russo et al., 1994) . However, compared to infections with wildtype TBSV, mutants devoid of CP expression appeared to spread less effectively and induce less severe systemic symptoms (Qu and Morris, 2002; Scholthof et al., 1993b) . A positive beneficial effect of the TBSV CP was also suggested from the observation that CP-defective mu-tants recombined with transgenically expressed CP mRNA to yield wild-type virus (Borja et al., 1999) . Although these reports suggested that the CP product is important for infection, a recent study implied that RNA sequences within the CP-coding region of a tombusvirus confer biological effects (Szittya and Burgyan, 2001 ) unrelated to previously documented effects of RNA elements on virus accumulation Scholthof and Jackson, 1997) .
The objective of the present study was to compare and analyze the contribution of TBSV CP RNA sequences and its encoded capsid protein on systemic infection of N. benthamiana. Compared with a mutant lacking the 5Ј half of the CP sequences, a mutant with only a small 5Ј out-of-frame deletion in the CP gene often showed an accelerated infection phenotype. However, this effect was unlikely to be RNA-mediated but instead due to the accumulation of in planta generated recombinants that expressed a truncated CP (tCP) which assembled into ribonucleoprotein complexes that resembled particlelike structures. Inoculations of pepper with transcripts of the CP-defective mutant failed to incite systemic infections, implying that the generation of recombinants was host-dependent.
RESULTS

Presence of the CP gene benefits TBSV spread
To determine whether TBSV CP RNA sequences had an effect on virus spread, the infectivity of two CP mutants was compared. For the first mutant (pHS7), characterized by a small 5Ј-proximal out-of-frame CP deletion (Scholthof et al., 1993b) , the expression of CP was eliminated while the viral genome maintained most of the CP RNA sequences (Fig. 1A) . The second mutant (pBD1) contained a larger frameshift deletion which not only abolished CP expression but also removed more than half of the CP RNA (Fig. 1A) .
Prior to carrying out infectivity experiments in N. benthamiana plants, it was important to check that both mutants replicated efficiently in protoplasts of this host. RNA hybridization analysis with extracts from transfected protoplasts showed that both pBD1-and pHS7-RNA replicated at a level comparable to that observed for wildtype TBSV (Fig. 1B) . Subgenomic RNAs (sgRNA) also (Hearne et al., 1990) relevant for this study are shown, taking into account the additive or subtractive effect of treatment with DNA Polymerase Klenow fragment. Stippled boxes represent sequences not in-frame with the coat protein ORF and asterisks represent stop codons. The downstream portion of pBD1 is positioned out-of-frame because of remnants of the SacI site of GUS immediately upstream of nt 3379 of TBSV. (B) Replication of TBSV RNA in N. benthamiana protoplasts 20 h posttransfection with transcripts from pTBSV100 (T), pHS7 (7), or pBD1 (BD1). Transfections were performed with similar amounts of transcripts and protoplasts, and equivalent amounts of protoplasts RNA were used for electrophoresis. Random primed pHS54 (Scholthof et al., 1993a) was used as the hybridization probe. The position of genomic RNA (gRNA), and the two subgenomic RNAs (sgRNA1 and sgRNA2), are indicated. accumulated (Fig. 1B) since all required cis-elements for their synthesis were present (Choi et al., 2001; Choi and White, 2002; Zhang et al., 1999) .
We had previously compared the symptom induction by pHS7-RNA with those caused by infections with wildtype TBSV and determined that the pHS7 CP mutation reduced the severity of symptoms on N. benthamiana (Scholthof et al., 1993b) . In the present study we observed that the symptoms differed substantially between N. benthamiana plants inoculated with pHS7 transcripts and those infected with pBD1-RNA (data not shown). Briefly, for pHS7, lesions appeared on inoculated leaves, on average at 4 dpi, which ranged from mild chlorotic to necrotic and at 5 dpi a mosaic was often observed in upper noninoculated leaves, as previously noted (Scholthof et al., 1993b) . For pBD1, lesions appeared on inoculated leaves at the same time as for pHS7 and these were bleached or necrotic. At about 5 to 6 dpi, necrotic lesions were observed on the petiole of the inoculated leaf. This necrosis extended to the stem and subsequently the petiole of the leaf located immediately above, and its primary and secondary veins, and finally, mesophyll cells. Necrotic regions on the stem sometimes occurred in conjunction with wilting of the upper plant parts. The pBD1-RNA was able to infect portions of upper noninoculated leaves by advancing slowly along the stem. Upon prolonged infections systemic symptoms were visible on plants infected with pBD1-RNA but compared to infections with pHS7-RNA these remained localized to small portions of the upper leaves; full systemic symptoms of the whole plant did not develop.
To more accurately monitor the progress of virus spread though N. benthamiana plants, we conducted a time-course experiment for immunoblot detection of P33 at different times postinoculation in inoculated and upper leaves. It was shown previously that accumulation of P33 correlates with the amount of TBSV RNA . As early as 3 dpi, P33 could be detected in leaves inoculated with either construct (Fig. 2) , demonstrating that both moved effectively from cell to cell. At 5 dpi with pHS7-RNA N. benthamiana plants were systemically infected, but in the case of pBD1 plants remained free of infection in upper noninoculated leaves even up to 12 dpi (Fig. 2) . Similar results were obtained using P19-specific antiserum, and no differences in P19 accumulation were observed between leaves infected with pBD1 or pHS7 (data not shown). Differences in P19 levels can affect the infectivity , but these results verified that in the case of pHS7 and pBD1 their different phenotypes were not related to variations in P19 accumulation.
Analysis of the pHS7 progeny in systemically infected leaves N. benthamiana plants inoculated with pHS7-RNA showing an obvious accelerated infection phenotype (compared to the slow progression associated with CPdefective pBD1-RNA) were used as inoculum for passaging onto healthy N. benthamiana. This gave rise to a rapid lethal systemic infection (data not shown) comparable to that induced by infections with wild-type TBSV (Scholthof et al., 1993b (Scholthof et al., , 1995b . These results were unlikely due to contamination with wild-type TBSV because identical results were reproducibly obtained with inocula derived from pHS7 transcripts of different single-colony pHS7 plasmid preparations. Nevertheless, to conclusively eliminate the possibility that inoculum was contaminated with wild-type TBSV RNA, a RT-PCR test was performed on RNA harvested from infected plants. For this purpose, progeny RNA was isolated from viral pHS7-infected plants that displayed an accelerated infection pattern, and this was subjected to amplification by RT-PCR and sequence analysis. The results showed that the original deletion in pHS7 from nt 2728 to nt 2774 was maintained in the progeny and no PCR product corresponding to wild-type TBSV was obtained.
In addition to the pHS7 signature deletion from nt 2728 to 2774, an additional 44 nt was deleted from nt 2780 to nt 2825. This restored the CP ORF (Fig. 3 ) and a small signature sequence of 6 nt was maintained between the two deleted fragments to position a Pro and Ser (origi- (Hillman et al., 1989) . Symbols used in this figure are the same as in Fig. 1 . The original deletion of 15 aa due to the designed pHS7 mutation is represented by the left deletion, whereas the second deletion on the right is the result of an in planta RNA recombination. The introduced proline (p) and serine (s) are indicated by the narrow vertical bar (see text for details). The thin bars on the line that represents the R domain indicate the relative positions of basic amino acids.
nating from a different reading frame) between the original N-terminal end of CP and the portion encoded downstream from position 2825 (Fig. 3) . Computer-predicted translation indicated that the restored ORF encoded a tCP with a predicted molecular weight of 37.7 kDa lacking 30 amino acids of the R domain (Hillman et al., 1989) .
The truncated CP forms a complex with viral RNA
Immunoblot analyses with CP-specific antiserum failed to detect the predicted ϳ38-kDa tCP in crude extracts of plants inoculated with pHS7 transcripts (Fig.  4A, left panel) . This raised the possibility that the concentration of tCP in the transcript-inoculated plants was low compared to the readily detectable CP levels in crude extracts from wild-type TBSV-infected plants (Fig.  4A , left panel, lane T). To test this, extracts from infected N. benthamiana were enriched for ribonucleoprotein complexes (RNPs) by centrifugation through a sucrose cushion followed by sucrose-density gradient fractionation. These experiments showed the presence of a large macromolecular complex and immunodetection tests revealed the slightly truncated (ϳ38 kDa) tCP associated with this complex. This tCP was also evident in the original 20% sucrose-cushion pellet obtained from upper symptomatic leaves (Fig. 4A, right panel) . The amount of tCP in the concentrated extract of inoculated leaves was much lower than in the concentrate of upper leaves (Fig. 4A, right panel) .
The sedimentation properties described above suggested that tCP was present in the infected plant as a large multicomponent complex. To test the possibility that, despite the deletion in the RNA-binding R domain (Fig. 3) , viral RNA was part of the complex, the RNPenriched pellets were first analyzed by agarose gel electrophoresis (Scholthof et al., 1993b) . This analysis showed that in the lane containing extracts prepared from symptomatic upper leaves an infection-specific band was observed upon staining with ethidium bromide (Fig. 4B , left panel, Lane 7u), suggesting the presence of nucleic acid. Although the complex migrated at about the same position as wild-type virions, no firm conclusions can be drawn because this procedure does not accurately separate such large macromolecules. Northern analysis with a TBSV-specific hybridization probe (Fig.  4B, middle panel) and western blot with anti-TBSV CP antibodies (Fig. 4B, right panel) confirmed that the band corresponded to a RNP complex composed of TBSV RNA and tCP. No such complex could be detected in healthy The faint infection-specific bands visible in lanes T, 7i, and 7u in the left (e.g., those just above the arrow) that fail to hybridize with the probe (middle) or with CP-antiserum (right) might reflect double-stranded RNA that is often present in high amounts (Scholthof et al., 1993b) . controls or in the pHS7-inoculated leaves, suggesting that it accumulated to detectable levels during the course of infection in plants inoculated with pHS7-transcripts.
The RNP composition suggested a complex with physicochemical properties that resembled those of wild-type TBSV. To further characterize these complexes, purified RNPs derived from pHS7-infected plants were examined with a transmission electron microscope. The results in Fig. 5A show that the fraction enriched for the RNP complexes contained particle-like structures of heterogeneous size (30-70 nm) and shape, compared to the uniform ϳ32-nm wild-type TBSV particles (Fig. 5B) .
The accumulation of tCP producing recombinants is host-dependent
The occurrence of rapid infections caused by generation of tCP-producing recombinants was repeatedly observed during different inoculation tests with pHS7-transcripts on N. benthamiana over the past five years (H. Scholthof, unpublished results). To estimate the frequency of this occurrence, 12 N. benthamiana plants were inoculated with the same source of pHS7 transcripts and subsequent analyses showed that tCP accumulated in upper leaves of eight plants. In this test, the appearance of tCP consistently correlated with a rapid systemic infection.
The TBSV P22 is the only protein that is required for cell-to-cell movement in many different plant species. However, depending on the host, a systemic infection may also require P19 and/or CP (Chu et al., 1999 (Chu et al., , 2000 Scholthof et al., 1993b ; and data not shown). For example, in pepper plants P19 is required for a systemic invasion and in this host the pHS7 CP-defective mutant remained restricted to inoculated leaves (Fig. 6) unless extremely young pepper seedlings were inoculated (R. Omarov and H. Scholthof, unpublished results). In comparison, pepper plants inoculated with ribonucleoprotein complexes associated with pHS7-infections in N. benthamiana, or with viral RNA purified from these complexes, became rapidly systemically infected (Fig. 6) . Based on these results the expectation was that upon inoculation of pepper with pHS7-transcripts, de novo tCP-expressing recombinants would accumulate that could systemically infect the plants. To test this, a total of 27 pepper plants were inoculated with pHS7 transcripts in two independent experiments. Although all inoculated leaves became infected, none of these plants developed symptoms on upper leaves, as confirmed for random samples by negative immunoblots for P33 (as in Fig. 6 ) or P19. Therefore, despite the beneficial effect of tCP for systemic infection of pepper, recombinants capable of producing tCP did not accumulate de novo in this host.
DISCUSSION
In this study, the progression of TBSV infection was monitored in N. benthamiana plants for two mutants, both inactivated for CP expression. One mutant (pHS7) retained most of the CP ORF, whereas over half of the CP RNA was deleted in the second mutant (pBD1). The results showed that both mutants were fully functional for replication and cell-to-cell movement in N. benthamiana. Symptoms induced by pHS7-RNA on N. benthamiana were similar to those described earlier for this mutant (Scholthof et al., 1993b) . The pBD1 infections gave symptoms that generally resembled those described for CP mutants in which the CP ORF was replaced with reporter genes (Scholthof et al., 1993b) . Likewise, the appearance of stem necrosis associated with pBD1 infections was also noted in a recent study on a separate TBSV CP deletion mutant (Qu and Morris, 2002) .
What had not been noticed or addressed in any of the previous studies was that the systemic spread of mutants that maintained CP RNA sequences (e.g., pHS7) was often enhanced compared to the slow and incomplete systemic infections established by mutants lacking over half of the CP sequences (e.g., pBD1), as shown in Fig. 2 . Our results showed that the accelerated spread of pHS7-RNA was associated with the accumulation of recombinants with the ability to produce a truncated CP of ϳ38 kDa. Further analyses showed the presence of ribonucleoprotein complexes composed of tCP and viral RNA which formed atypical virus-like structures. These results do not favor a CP RNA-based contribution to symptoms in N. benthamiana as reported to occur for another tombusvirus-host combination (Szittya and Burgyan, 2001 ). Instead our experiments clearly demonstrate a protein-mediated effect because the ability of TBSV to express CP (or tCP) is beneficial to rapidly invade N. benthamiana.
The accumulation of tCP expressing recombinants was frequently observed in N. benthamiana plants (ϳ65%) and was correlated with more severe symptoms. However, the tCP-expressing mutants did not accumulate in every N. benthamiana plant inoculated with pHS7 transcripts and in absence of tCP accumulation symptoms remained mostly mild. This may also be the reason that in the initial study on pHS7 (Scholthof et al., 1993b) the symptoms were reported to vary from mild to severe in different N. benthamiana plants. In light of the present results, we speculate that in this previous study the severe symptoms were caused by the rapid accumulation of recombinants expressing tCP. In a separate study where pHS7-RNA was inoculated onto transgenic N. benthamiana plants expressing the CP mRNA, recombinants accumulated with a restored wild-type CP (Borja et al., 1999) . However, in two cases the recovered RNA had not recombined with the transgenic CP mRNA but instead a nucleotide was added in planta to the pHS7-specific deletion to restore an ORF for CP production (Borja et al., 1999) . This suggests that in these examples the severe symptoms were due to the appearance of intramolecular recombinants expressing an alternative version of tCP instead of wild-type CP.
Considering the rapid accumulation of tCP-containing complexes in upper leaves of N. benthamiana plants inoculated with pHS7-transcripts, it appears that the systemic transport of the tCP-producing mutants occurs more rapidly than the transport of mutants devoid of any CP. This suggests that the tCP-producing mutants outcompete variants incapable of producing CP. Thus, ultimately the concentration of tCP complexes becomes substantial, resembling wild-type virion accumulation in upper leaves. Once the concentration of tCP complexes becomes dominant, its infective properties are very similar to that of wild-type TBSV, as evidenced by the finding that inoculation of N. benthamiana with tCP-containing preparations resulted in symptoms resembling those caused by infections with wild-type TBSV. Although these findings invite the hypothesis that virus(-like) particles (Fig. 5) systemically spread through plants, it is also possible that alternative CP-RNA complexes are used for such transport. In the latter scenario, virus(-like) particles (Fig. 5) are not transported but instead may represent material that accumulates inside cells to provide a stable reservoir for transmission.
It is generally assumed that most plant viruses are transported through the phloem and our findings reveal that the presence of coat protein has a selective advantage for vascular transport. In light of our recent observation that TBSV CP accumulates to abundance in N. benthamiana xylem vessels (J.-W. Park and H. B. Scholthof, unpublished data) it will be informative to determine whether efficient virus spread requires xylemmediated trafficking of virions or alternative CP-RNA complexes. Preliminary RNA and protein characterization of fractions collected from wild-type-infected plants revealed the presence of a CP-containing complex that was associated with viral RNA and trace amounts of P22, P19, and unspecified host proteins (data not shown). Hence, all evidence suggests that the CP plays a very important role for spread of TBSV but its precise role remains to be determined and additional factors also seem to influence this process.
Previously it was shown that deletions and mutations in the (protruding) P domain of CP can prevent virion formation (Sit et al., 1995) . In comparison, our findings show that mutations in the (RNA-binding) R domain may be less restrictive because the tCP subunits that assemble into the virus-like complexes lack 30 amino acids of the 66 amino acid R domain (Hillman et al., 1989) (Fig. 3) . The N-terminal portion is maintained and fused by a newly acquired Pro-Ser arm to a short stretch of basic amino acids at the carboxyl portion of the R domain (RRRGGKK). These five R and K residues are also the most concentrated compared to the other seven basic amino acids (Hillman et al., 1989) that are more randomly distributed on the R domain (Fig. 3) . Since our experiments showed that tCP subunits form a complex with viral RNA, this implies that the short stretch of five pos-itively charged residues, perhaps in combination with the remaining three N-terminal basic residues (Fig. 3) , are sufficient for RNA binding. It is likely that the "arm-twisting" effect of the newly introduced Pro residue affects the arrangement of CP subunits to contribute to the formation of alternative virus-like particles (Fig. 5) .
Recent observations with different viruses illustrate that various parameters and factors influence the architecture of in vivo or in vitro assembled virus particles (Choi and Rao, 2000; Harrison, 2001; Lucas et al., 2001; Sorger et al., 1986; Zlotnick et al., 2000) . It is not known if the pHS7-associated virus-like particles (Fig. 5A) follow an architectural symmetry that is typical for spherical viruses. Nevertheless, our observations support an interpretation that TBSV virions have an inherent elasticity to adapt alternative structures. It is currently unknown whether the structure of the enlarged virus-like particles present in the preparations (Fig. 5A ) have any commonalities with the swollen TBSV particles that are observed upon depletion of cations that normally bind to specific sites of the CP subunits of the particles (Hogle et al., 1983; Kruse et al., 1982) .
Based on recombination studies with TBSV defective interfering RNAs (White and Morris, 1999) , it is likely that the tCP-producing recombinants are generated during "template hopping" of the replicase complex. One could suppose that replication is a fundamental process that essentially follows conserved mechanisms irrespective of the host and that similar replication errors occur in different hosts. In this context, an unexpected finding was that the generation or accumulation of "more fit" tCP-producing recombinants was not observed in pepper (Fig. 6) , or in spinach (data not shown). It is possible that recombination is a rare event in pepper and spinach and that these may have escaped detection in our tests. Nevertheless, our results support the notion that the frequent generation of recombinants is host-dependent. It is possible that the replication process in N. benthamiana is relatively "sloppy" compared to that in other hosts. Arguments for this hypothesis relate to the observation that DIs only accumulate under laboratory conditions in hosts such as N. benthamiana but do not occur during infections of tomatoes in the field (Celix et al., 1997) or in laboratory tests with pepper (R. Omarov and H. B. Scholthof, unpublished data). Future experiments may yield more precise information regarding the role of the host in the fidelity of the replication process.
In conclusion, we have demonstrated that TBSV CP subunits with a substantial deletion in the R domain retain the ability to bind RNA and also possess the flexibility to form alternative virion-like structures. Mutants producing these particle-like complexes spread faster than those devoid of CP expression, and recombination events to produce such advantageous mutants appear to be host-dependent.
MATERIALS AND METHODS
Recombinant plasmids and in vitro transcription
Standard molecular biology techniques were employed during this investigation (Sambrook et al., 1989) . The construction of pHS7 was described previously (Scholthof et al., 1993b) . The construct pHS45, containing the ␤-glucuronidase (GUS) gene fused to the 5Ј-124 nt of the CP gene (Scholthof et al., 1993b) , was used to derive the CP deletion mutant pBD1. For this purpose, plasmid pHS45 was digested with NotI (nt 2723) and SacI (at the 3Ј-end of the GUS gene), treated with DNA polymerase Klenow fragment to create blunt ends that were ligated. The fusion of the DNA segments in the resulting construct, pBD1, was confirmed by sequencing. The constructs used in this study are illustrated in Fig. 1 . The plasmids were linearized with SmaI and used as templates for in vitro transcription with conditions described by the T7 RNA polymerase manufacturer (Gibco-BRL, Gaithersburg, MD). Replication assays in protoplasts isolated from N. benthamiana leaves were performed as described previously (Scholthof et al., 1993b (Scholthof et al., , 1995b .
Plant assays and time-course experiments
Experimental hosts N. benthamiana and pepper (Capsicum annuum) were maintained in a growth chamber at 25°C with 14 h of illumination. The pepper plants were placed in the dark for 2 days prior to rub-inoculation of two or three leaves with ϳ5 g of uncapped transcripts in RNA inoculation buffer (0.05 M K 2 HPO 4 , 0.05 M glycine, pH 7.9, 1% bentonite, 1% celite). Plants were monitored for visual symptoms and for the presence of viral proteins. Total proteins were analyzed by western blot as described previously (Scholthof et al., 1995c . Results were obtained from at least three independent experiments with three replicate plants per treatment.
RT-PCR and cDNA cloning
Total RNA was extracted from 50 mg of symptomatic upper leaf of N. benthamiana inoculated with pHS7 transcripts as previously described (Scholthof et al., 1993b) . The reverse primer "p19/p22 switch" complementary to a sequence located downstream of the CP stop codon was used for first-strand cDNA synthesis. The forward primer "5Ј TBSV-CP" (containing the BamHI site at position 2439) was used for the second-strand synthesis. The RT-PCR product was digested with BamHI (nt 2439) and KpnI (nt 3289) and cloned into the pKAN2 vector (Scholthof et al., 1995a) treated with BamHI and KpnI.
Enrichment and analyses of ribonucleoprotein complexes from plants
The procedure to concentrate ribonucleoprotein complexes was derived from a previously described method (Brakke et al., 1988) . Briefly, infected symptomatic leaves were ground in a mortar with 5 to 10 ml/g of buffer A (200 mM Tris-HCl pH 8.5, 20 mM KCl, 30 mM MgCl 2 , 200 mM sucrose, and 5 mM iodoacetamide). Triton X-100 was then added at a final concentration of 1% and the mixture was centrifuged for 10 min at 10,000 g. The clarified supernatant was loaded on a 2 cm 20% sucrose cushion in buffer B (50 mM glycine-KOH pH 8.5, 20 mM KCl, and 5 mM MgCl 2 ) and centrifuged for 2 h at 40,000 rpm (60 Ti rotor, Beckman). The pellet, enriched for RNPs, was subsequently resuspended in buffer B and analyzed by western blotting and whole-virus agarose gel (1% agarose in 10 mM Tris, 76 mM glycine, pH 8). Agarose gels were either stained with ethidium bromide or used to transfer contents to nitrocellulose or nylon membranes for immunoblot (western) and RNA hybridization (northern) analysis, respectively. For electron microscopy, further purification of RNP or wild-type virus was performed. The enriched extract was loaded on a 20 to 50% linear sucrose gradient and centrifuged for 4 h at 30,000 rpm (SW 41 rotor, Beckman). RNP-containing fractions were harvested using a density gradient fractionator (ISCO, Lincoln, NE). Purified preparation of wild-type virus and pHS7-derived RNPs were placed on Formvar-coated copper grids. The contrast was then enhanced with 1% uranyl acetate and the grids were examined with a Zeiss transmission microscope at ϫ80,000 magnification.
